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Some	
  open	
  questions	
  on	
  hadronic	
  structure
• Can	
  we	
  describe	
  nucleons	
  in	
  terms	
  of	
  its	
  constituents	
  
• Where	
  does	
  the	
  spin	
  of	
  the	
  nucleon	
  come	
  from?

Courtesy	
  of	
  A.	
  Bacchetta
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Courtesy	
  of	
  A.	
  Bacchetta

5	
  Dimensional	
  Structure	
  of	
  the	
  nucleon
Wigner	
  distributions	
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eg1-­‐dvcs	
  run	
  

Part	
  A	
  (Feb.-­‐Mar.	
  2009)	
  	
  
	
  Hydrogen	
  target	
  𝑁𝐻3	
  	
  

Beam	
  energy:	
  5.892	
  &	
  4.735	
  GeV	
  

Luminosity:	
  22.7	
  𝑓𝑏−1	
  

Target	
  position:	
  -­‐57.95	
  cm	
  

Part	
  B	
  (Apr.-­‐Jun.	
  2009)	
  	
  
	
  Hydrogen	
  target	
  𝑁𝐻3	
  	
  

Beam	
  energy:	
  5.967	
  GeV	
  

Luminosity:	
  50.7	
  𝑓𝑏−1	
  

Target	
  position:	
  -­‐67.97	
  cm	
  

Part	
  C	
  (Aug.-­‐Sep.	
  2009)	
  	
  
	
  Deuteron	
  target	
  𝑁D3	
  	
  

Beam	
  energy:	
  5.764	
  GeV	
  

Luminosity:	
  25.3	
  𝑓𝑏−1	
  

Target	
  position:	
  -­‐68.18	
  cm	
  

• Polarized	
  electron	
  beam	
  ~85%	
  
• Polarized	
  target	
  
• NH3	
  ~80%	
  
• ND3	
  ~40%	
  

• CLAS+	
  Inner	
  calorimeter	
  (IC)
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Summary	
  of	
  eg1-­‐dvcs	
  analyses	
  and	
  status	
  
Analysis	
   Authors Status
Single	
  and	
  double	
  spin	
  asymmetries	
  for	
  Deeply	
  Virtual	
  
Compton	
  Scattering	
  on	
  Longitudinally	
  Polarized	
  Proton	
  Target

Biselli,	
  Niccolai,	
  
Pisano,	
  Seder

E.	
  Seder	
  et	
  al	
  Phys.	
  Rev.	
  Lett.	
  114	
  
(2015)	
  032001	
  	
  	
  
PRD:	
  S.	
  Pisano	
  et	
  al	
  arXiv:
1501.07052	
  -­‐	
  ACCEPTED	
  

Single	
  and	
  Double	
  Spin	
  Asymmetries	
  for	
  Deeply	
  Virtual	
  
Exclusive	
  π0	
  Production	
  on	
  Longitudinally	
  Polarized	
  Proton	
  
Target	
  

A.	
  Kim Ad	
  Hoc	
  review

Measurement	
  of	
  Single	
  and	
  Double	
  Spin	
  Asymmetries	
  in	
  Semi-­‐
Inclusive	
  Deep	
  Inelastic	
  Scattering	
  on	
  Proton	
  and	
  Deuteron S	
  Koirala Analysis	
  note	
  review

Target	
  and	
  beam	
  spin	
  asymmetries	
  for	
  di-­‐hadron	
  production	
  
ep	
  →	
  eʹ′π+π−X	
  	
  

S.	
  Anefalos	
  Pereira In	
  progress

DVCS	
  beam	
  and	
  target	
  spin	
  asymmetries	
  on	
  the	
  neutron	
  
target D.	
  Sokhan In	
  progress

Spin	
  Asymmetries	
  in	
  exclusive	
  π+,	
  π0,	
  η,	
  and	
  π-­‐	
  electro-­‐
production	
  from	
  the	
  eg1-­‐DVCS	
  experiment	
  	
   P.	
  Bosted Analysis	
  note	
  

approved

Precision	
  measurements	
  of	
  g1	
  of	
  the	
  proton	
  and	
  the	
  deuteron	
  
with	
  6	
  GeV	
  electrons Y.	
  Prok Y.	
  Prok	
  et	
  al	
  Phys.Rev.	
  

C90	
  (2014)	
  2,	
  025212
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Single	
  and	
  double	
  spin	
  asymmetries	
  
for	
  DVCS	
  on	
  proton	
  target	
  

ep ! ep�
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• x	
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  quark	
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• 2ξ	
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momentum	
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  to	
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eg1-­‐DVCS	
  highlights	
  
• High	
  statistics,	
  improvement	
  of	
  a	
  factor	
  10	
  over	
  previous	
  target	
  asymmetry	
  
measurement	
  (S.	
  Chen	
  et	
  al)	
  

• Complete	
  detection	
  of	
  the	
  final	
  state	
  -­‐>small	
  nuclear	
  background	
  
• Large	
  kinematic	
  range	
  
• Simultaneous	
  measurement	
  of	
  all	
  three	
  Beam,	
  Target,	
  and	
  Double	
  spin	
  
asymmetries	
  in	
  the	
  same	
  kinematic	
  range	
  
• simultaneous	
  fit	
  
• Compton	
  Form	
  Factors	
  

5

TABLE I: The π0 fraction and statistical uncertainties in ob-
served single photon events

φ (degree) Fπ0 ± ∆Fπ0 φ (degree) Fπ0 ± ∆Fπ0

0 − 36 0.106 ± 0.010 180 − 216 0.373 ± 0.022
36 − 72 0.117 ± 0.009 216 − 252 0.313 ± 0.019
72 − 108 0.242 ± 0.018 252 − 288 0.216 ± 0.015
108 − 144 0.324 ± 0.021 288 − 324 0.103 ± 0.008
144 − 180 0.414 ± 0.023 324 − 360 0.101 ± 0.007

                   Degree                   φ
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FIG. 5: The azimuthal angle φ dependence of the target-spin
asymmetry for exclusive electroproduction of photons after
subtraction of the π0 background. The dashed curve is the
full model prediction using the ξ-dependent GPD parameter-
ization [15] (bval=bsea=1, and E=Ẽ=0) based on MRST02
unpolarized PDFs [16] and polarized PDFs [17] for the twist-2
terms, and higher twists included in those terms. The dotted
curve shows the asymmetry when H̃=0. The solid curve is
described in the text.

β = −0.022±0.045stat±0.021sys. The AUL is dominated
by the sinφ term while the sin 2φ term is compatible with
zero within the error bars, indicating that higher twists
do not contribute significantly in our kinematical range.

To obtain information on the kinematic dependence of
the sin φ-moment of AUL (Asin φ

UL ) [9], the data were di-
vided into 3 bins in ξ and −t, respectively. The leading
term Asin φ

UL was extracted for each bin. The results are
shown in Fig. 6, where the asymmetry was integrated
over the other kinematic variables. A clear ξ-dependence
of Asin φ

UL is seen, with asymmetries increasing with ξ. The
theoretical calculations shown in Fig. 5 and Fig. 6 have
been obtained by including target mass corrections. Un-
like Deep Inelastic Scattering (DIS), a full calculation of
such corrections is still an open problem for DVCS. We
have however included the kinematical higher twist ef-
fects in the twist-2 amplitude. In the presence of those
effects the GPDs entering in the asymmetry Eq.( 2) are
proportional to GPDs at (ξ′, ξ, t), where the difference
between ξ′ and ξ include terms proportional to M2/Q2

and −t/Q2 as shown in Ref. [15]. As can be noticed on
Fig. 5 and Fig. 6, the thus obtained theoretical calcula-
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2/c2-t    GeV

φ
si
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0.15 0.2 0.25
ξ

FIG. 6: The left panel shows the −t dependence of the sin φ-
moment of AUL for exclusive electroproduction of photons,
while the right shows the ξ dependence. Curves as in Fig. 5.

tion agrees within experimental uncertainties well with
the measurement.

In Fig. 5 and Fig. 6, the error bars are statistical,
and the systematic uncertainty is shown as a band at
the bottom. The sources of systematic uncertainties are
identified as the dilution factor calculation (∼ 4%), es-
timation of target polarization (∼ 7%), 15N polarization
(∼ 0.5%) [18], radiative corrections (< 0.1%) [19], eval-
uation of the π0-decay background from MC simulations
(< 2.5%), and the angle cut (< 5%).

Combined with the data expected from precision mea-
surements of the beam spin asymmetry which is dom-
inated by GPD H [20], these results will allow us to
constrain different GPDs. The target-spin asymmetry
in DVCS is also under study at HERMES [21].

In summary, we have presented the target-spin asym-
metry for exclusive electroproduction of photons. A sig-
nificant sinφ moment of the target-spin asymmetry is
observed and is consistent with predictions based on the
GPD formalism. The measured asymmetry is consis-
tent with predictions of a large contribution from GPD
H̃ . Kinematic dependences of the target-spin asymmetry
have also been studied. The leading term Asin φ

UL increases
with increasing ξ, in agreement with the model predic-
tion.

We gratefully acknowledge the outstanding efforts of
the staff of the Accelerator and Physics Division at Jeffer-
son Lab that made this experiment possible. This work
was supported in part by the U.S. Department of Energy
(DE-FG02-92ER40735) and the National Science Foun-
dation, the Italian Istituto Nazionale di Fisica Nucleare,
the French Centre National de la Recherche Scientifique,
the French Commissariat à l’Energie Atomique, the UK
Engineering and Physical Science Research Council, and
the Korean Research Foundation. The Southeastern
Universities Research Association (SURA) operates the

S.	
  Chen	
  et	
  al	
  Phys.	
  Rev.	
  Lett.	
  97,	
  072002

Observable Sensitivity	
  to	
  
CFFs

Experiment Notes

Δσbeam(p) Im	
  Hp Hall	
  A High	
  statistics,	
  limited	
  
coverage,	
  4	
  dimensional	
  

(Q2,xb,-­‐t,φ)ALU	
  (p) Im	
  Hp HERMES	
  CLAS High	
  statistics	
  and	
  
coverage,	
  4	
  dimensional	
  

(Q2,xb,-­‐t,φ)Δσbeam(n) Im	
  En Hall	
  A One	
  	
  (Q2,xb)	
  bin,	
  7	
  -­‐t	
  bins,	
  
low	
  statistics,	
  high	
  

systematics
AUL	
  (p) Im	
  H̃p,Im	
  Hp HERMES	
  CLAS Low	
  statistics	
  integrated	
  

over	
  3/4	
  variables

ALL	
  (p) Re	
  H̃p,Re	
  Hp HERMES Low	
  statistics	
  integrated	
  
over	
  3/4	
  variables

AUT	
  (p) Im	
  Hp,Im	
  Ep HERMES Low	
  statistics	
  integrated	
  
over	
  3/4	
  variables
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Target	
  Spin	
  Asymmetries	
  for	
  DVCS	
  
E. Seder et al Phys. Rev. Lett. 114 (2015) 032001 
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FIG. 4: (Color online) a = A(90◦) as a function of −t. Each
individual plot corresponds to a bin in (xB, Q2). Systematic
uncertainties and bin limits are illustrated by the grey band in
the lower left plot. Black circles are from this work. Previous
results are from Ref. [12] (red square) or extracted from cross
section measurements [17] (green triangles), at similar - but
not equal - values of ⟨xB⟩ and ⟨Q2⟩. See Fig. 3 caption for
curve legend.

such a parameterization of the GPD H may be

H =
∑

q

e2
q

{

∫ +1

−1
dβ

∫ 1−|β|

−1+|β|
dα δ(x− β − ξα)hq(β, α, t)

+ θ

(

1−
x2

ξ2

)

Dq

(

x

ξ
, t

)}

, (5)

with hq(β, α, t) = q(β)πb(β, α)e−α′

1
(1−β)t , (6)

where eq and q(β) are the electric charge and unpolar-
ized parton distribution for quark flavor q, πb a profile
function [26] and α′

1 is a Regge slope adjusted to recover
the proton form factor F1 from the first moment of the
GPD. Eq. (6) extends the ansatz of Ref. [27] for the t de-
pendance to non-zero values of ξ. The D term in Eq. (5)
is calculated within a quark-soliton chiral model [7]. Us-
ing predetermined parameters, the calculations of beam-
spin asymmetries yield the solid and dot-dashed curves
in Figs. 3 and 4, without and with a twist-3 term calcu-
lated in the Wandzura-Wilczek approximation [7]. The
predictions overestimate the asymmetries at low |t|, es-
pecially for small values of xB and/or Q2. Variations
of the parameter b entering the profile function πb do
not resolve this problem, which may indicate that dou-
ble distributions are not flexible enough to reproduce this
behaviour.

Alternatively, description of the process in terms of
meson (or more generally Regge trajectory) exchanges
has been attempted [24, 28]. DVCS may be viewed as ρ
production followed by ρ-γ coupling in vacuum or in the
nucleon field. In addition to pole contributions in the t
channel [29], the box diagram that takes into account ρ-
nucleon intermediate states has been evaluated [24]. This
calculation, represented by the dashed curves in Figs. 3
and 4, is in fair agreement with our results up to Q2 = 2.3
GeV2. The significance of this dual description (Regge
vs. handbag) remains to be fully investigated.

In summary, the most extensive set of DVCS data to
date has been obtained with the CLAS spectrometer,
augmented with specially designed small-angle photon
calorimeter and solenoid. Beam-spin asymmetries were
extracted in the valence quark region, as a function of all
variables describing the reaction. Present parameteriza-
tions of GPDs describe reasonably well, but not perfectly,
the main features of the data. The measured kinematic
dependences will put stringent constraints on any DVCS
model, and in particular on the generalized parton dis-
tributions in the nucleon.

We would like to thank B. Hervieu (DAPNIA-Saclay),
Ph. Rosier (IPN-Orsay) and their collaborators for the
skillful engineering of the new equipment. We acknowl-
edge the outstanding efforts of the staff of the Acceler-
ator and Physics Divisions at Jefferson Lab that made
this experiment possible. We also acknowledge useful
discussions with D. Müller. This work was supported
in part by the French Centre National de la Recherche
Scientifique and Commissariat à l’Energie Atomique, the
U.S. Department of Energy and National Science Foun-
dation, the Italian Istituto Nazionale di Fisica Nucle-
are, the Korean Science and Engineering Foundation, the
U.K. Engineering and Physical Science Research Coun-
cil. The Jefferson Science Associates (JSA) operates the
Thomas Jefferson National Accelerator Facility for the
United States Department of Energy under contract DE-
AC05-06OR23177.
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• Agreement	
  with	
  Hermes	
  &	
  CLAS	
  
• Weaker	
  drop	
  in	
  -­‐t	
  than	
  AUL	
  ➮Axial	
  
charge	
  Im˜H	
  ⬄ALU	
  is	
  more	
  
concentrated	
  than	
  electric	
  charge	
  
ImH	
  ⬄	
  ALU

AUL =

↵UL sin�

1 + � cos�

• Qualitative	
  agreement	
  VGG	
  
&	
  GK	
  low	
  t	
  

• Good	
  agreement	
  KMM12	
  but	
  
t<Q2/4

Target	
  Spin	
  Asymmetries	
  for	
  DVCS	
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2 on HLUCLAS A

• Agreement	
  with	
  
CLAS	
  on	
  H2	
  

• No	
  sensitivity	
  to	
  
nuclear	
  effects	
  

• Sensitivity	
  to	
  Im	
  Hp	
  	
  
• Fast	
  drop	
  in	
  -­‐t	
  
• Good	
  agreement	
  
KMM12	
  but	
  t<Q2/4	
  

• Good	
  agreement	
  GL	
  
in	
  some	
  bins	
  

• VGG	
  &	
  GK	
  
overestimate

ALU =

↵LU sin�

1 + � cos�

Beam	
  Spin	
  Asymmetries	
  for	
  DVCS	
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• Constant	
  term	
  
dominated	
  by	
  BH	
  

• cosφ	
  term	
  small	
  
and	
  dominated	
  by	
  
BH	
  

• Agreement	
  with	
  
VGG,	
  GK,	
  KMM

Double	
  Spin	
  Asymmetries	
  for	
  DVCS	
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Compton	
  Form	
  Factors
S. Pisano et al arXiv:1501.07052 - PRD Accepted 
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H~ , 
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H
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0.4

0.6

0.8

1 2> = 3.31 (GeV/c)2<Q
> = 0.453B<x , fit to present dataImH

, fit to present dataImH~

, fit to [13] and [15]ImH

, fit to [13] and [15]ImH~

• M.	
  Guidal,	
  Eur.	
  Phys.	
  J.	
  A	
  37,	
  319	
  (2008)	
  
• Local	
  fitting	
  at	
  each	
  experimental	
  Q2,xB,t	
  
• Quasi	
  model-­‐independent:	
  bounding	
  the	
  
domains	
  of	
  variation	
  of	
  the	
  CFFs	
  (5xVGG)	
  	
  	
  

• 8	
  unknowns,	
  non	
  linear	
  problem,	
  strong	
  
correlations

• Mostly	
  sensitive	
  to	
  Im˜H	
  
• ImH	
  has	
  a	
  steeper	
  slope	
  than	
  Im˜H -­‐	
  axial	
  
charge	
  more	
  concentrated?	
  

• Slope	
  of	
  ImH decreasing	
  as	
  xb	
  increases	
  -­‐	
  
fast	
  quarks	
  (valence)	
  more	
  concentrated	
  in	
  
the	
  nucleon’s	
  center,	
  slow	
  quarks	
  (sea)	
  
more	
  spread	
  out	
  	
  

• Not	
  enough	
  ALL	
  statistical	
  precision	
  to	
  
extract	
  real	
  parts	
  Re˜H	
  Re˜E	
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DVCS	
  Beam	
  and	
  Target	
  spin	
  
asymmetries	
  on	
  the	
  neutron	
  target

en ! en�
• Pioneering	
  CLAS	
  measurement	
  
• nDVCS	
  important	
  for	
  flavor	
  separation	
  

• ALU	
  on	
  neutron	
  needed	
  to	
  constrain	
  En,	
  together	
  with	
  Ep	
  (from	
  AUT)	
  and	
  Hp,n	
  we	
  can	
  
extract	
  the	
  quark	
  angular	
  momentum	
  (Ji’s	
  sum	
  rule)	
  	
  

(H,E)u(⇠, ⇠, t) = 9/15[4(H,E)p(⇠, ⇠, t)� (H,E)n(⇠, ⇠, t)]

(H,E)d(⇠, ⇠, t) = 9/15[4(H,E)n(⇠, ⇠, t)� (H,E)p(⇠, ⇠, t)]

Jq =
1

2
� JG =

1

2

Z +1

�1
xdx[Hq(x, ⇠, 0) + Eq(x, ⇠, 0)]

nDVCS	
  
selection	
  cut

BSA

D. Sokhan 
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Single	
  and	
  Double	
  Spin	
  Asymmetries	
  
for	
  Deeply	
  Virtual	
  Exclusive	
  π0	
  

For	
  the	
  π0

8 GPDs“F”

Hq, ˜Hq, Eq, ˜Eq
parton helicity-conserving (chiral- even)

Hq
T ,

˜Hq
T , E

q
T ,

˜Eq
T parton helicity-flip (chiral-odd)

ep ! ep⇡0

F⇡0

i = (euF
u
i � edF

d
i )/

p
2

A. Kim
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Single	
  and	
  Double	
  Spin	
  Asymmetries	
  
for	
  Deeply	
  Virtual	
  Exclusive	
  π0	
  
2⇡

�

d

4

�

dQ

2

dxBdtd�⇡
= �T + ✏�L + ✏�TT cos 2�+

p
✏(1 + ✏)�LT cos�

+Pb

p
✏(1� ✏)�LT 0

sin�

+Pt(
p
✏(1 + ✏)�

sin�
UL sin�+ ✏�

sin 2�
UL sin 2�)

+PbPt(

p
1� ✏

2

�LL +

p
✏(1� ✏)�

cos�
LL cos�)

hF i =
X

�

Z 1

�1
dxH0�,µ�(x, ⇠, Q

2
, t)F (x, ⇠, t)

unpolarized terms

longitudinally 
polarized beam

longitudinally polarized beam
and

longitudinally polarized target

longitudinally 
polarized target

DVMP STRUCTURE FUNCTIONS

M

B

A. Kim

Asin�

LU

�
0

⇠ Im[hH
T

i ⇤ hẼi]

Asin�

UL

�
0

⇠ Im[hĒ
T

i ⇤ hH̃i+ ⇠hH
T

i ⇤ hẼi]
Aconst

LL

�
0

⇠ |hH̄
T

i|2

Acos�

LL

�
0

⇠ Re[hĒ
T

i ⇤ hH̃i+ ⇠hH
T

i ⇤ hẼi]
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Target	
  Spin	
  Asymmetries	
  for	
  ep-­‐>epπ0	
  

PRELIM
INARY

Exclusive Meson Produc�on Workshop, 2014

Target Spin Asymmetries: 
Azimuthal dependence of TARGET spin asymmetries in different kinema�c bins
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A. Kim
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Double	
  Spin	
  Asymmetries	
  for	
  ep-­‐>epπ0	
  

PRELIM
INARY

Exclusive Meson Produc�on Workshop, 2014

Double Spin Asymmetries: 
Azimuthal dependence of DOUBLE spin asymmetries in different kinema�c bins
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A. Kim
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Double	
  Spin	
  Asymmetries	
  for	
  ep-­‐>epπ0	
  

Curves	
  Goloskokov-­‐Kroll	
  

PRELIMINARY

Exclusive Meson Produc�on Workshop, 2014

Target and Double Spin Asymmetries:
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A. Kim
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Measurement	
  of	
  Single	
  and	
  Double	
  Spin	
  
Asymmetries	
  in	
  Semi-­‐Inclusive	
  DIS	
  

eN ! e⇡XLeading	
  twist	
  TMD FF
q/H U L T

U D1 H1
⟂

L G1L H1L
⟂

T H1
⟂ G1T H1,H1T⟂

q/H U L T

U f1 h1⟂

L g1L h1L⟂

T f1T⟂ g1T h1,h1T⟂

AUL =
1

fPt

N+ �N�

N+ +N� / Asin�
UL sin�+Asin 2�

UL sin 2�

ALL =
1

fD0(y)PbPt

N+ �N�

N+ +N� / g1 ⌦D1

f1 ⌦D1

Asin 2�
UL

Asin�
UL

• only term at LEADING ORDER 
• involves
• @ Hermes ~ zero 
• related to transverse polarization 

of quarks in the longitudinal 
target

• Non-zero in CLAS (Avakian PRL 
105, 262002 (2010)

h?
1L ⌦H?

1

g1	
  well	
  known	
  from	
  the	
  collinear	
  case	
  (DIS),	
  its	
  Ph⟂	
  
dependence	
  only	
  recently	
  explored

2 Silvia Pisano, LNF-INFN – MeNu2013 

Toward a full collinear description of the proton 

At twist-3 level, the nucleon is described through 6 collinear Parton Distribution Functions 
(PDF). 

twist-2 𝒇(𝒙) 𝒈(𝒙) 𝒉𝟏(𝒙) 

twist-3 𝒆(𝒙) 𝒉𝑳(𝒙) 𝒈𝑻(𝒙) 

1. 𝑓(𝑥), 𝑔(𝑥) and 𝑔𝑇 𝑥  have been(/are being) measured through 
Deep Inelastic Scattering (DIS) 
 

2. ℎ1(𝑥), the transversity distribution, cannot be access through 
DIS due to its chiral-odd nature o it is accessed through Semi-
Inclusive Deep Inelastic Scattering, where it couples to a second, 
chiral-odd object, the Fragmentation Function 
 

3. 𝑒 𝑥  and ℎ𝐿(𝑥) are yet unknown. 

The golden channels to access these poorly-known PDFs are: 
 
¾ 𝑒 𝑥 : di-hadron Semi-Inclusive electro-production with a longitudinally 

polarized beam and an unpolarized target 
 
¾ ℎ𝐿 𝑥 : di-hadron Semi-Inclusive electro-production with an unpolarized beam 

and a longitudinally polarized target 
 

¾ ℎ1 𝑥 : single and di-hadron Semi-Inclusive electro-production with an 
unpolarized beam and a transversely polarized target 
 

𝐹𝐹 

𝑁 

𝑒 
𝑒’ 

𝑋 

𝑃ℎ 

𝑃𝐷𝐹 

S. Koirala
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  Asymmetries	
  for	
  ep-­‐>eπX	
  
S. Koirala



CLAS2015	
  4th	
  European	
  CLAS	
  workshop,	
  Catania,	
  Italy,	
  February	
  16-­‐22	
  2015

C
on

st
LLA

-0.5

0

0.5

 [GeV]
±°hP

0 0.2 0.4 0.6 0.8 1

C
on

st
LLA

-0.5

0

0.5

 [GeV]
±°hP

0 0.2 0.4 0.6 0.8 1

+π -π 0π
 (0.12, 0.21)∈ Bx  (0.21, 0.30)∈ Bx

 (0.30, 0.39)∈ Bx  (0.39, 0.48)∈ Bx

φ
co

s
LLA

-0.5

0

0.5

 [GeV]
±°hP

0 0.2 0.4 0.6 0.8 1

φ
co

s
LLA

-0.5

0

0.5

 [GeV]
±°hP

0 0.2 0.4 0.6 0.8 1

+π -π 0π
 (0.12, 0.21)∈ Bx  (0.21, 0.30)∈ Bx

 (0.30, 0.39)∈ Bx  (0.39, 0.48)∈ Bx

23

Double	
  Spin	
  Asymmetries	
  for	
  ep-­‐>eπX	
  
S. Koirala
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Target	
  and	
  beam	
  spin	
  asymmetries	
  for	
  
di-­‐hadron	
  production

ep ! e⇡+⇡�X
→ Complementary measurements on p and n 
in Hall-A (by SoLID) & Hall-B (C12-12-009) 

𝐹𝐹 

𝑁 

𝑒 𝑒’ 

𝑋 

𝑃ℎ2 

𝑃𝐷𝐹 

𝑃ℎ1 

Access through di-hadron SIDIS: 𝐴𝑈𝑇 ∝ ℎ1
𝑞 ∙  𝐻1

∢𝑞  
o ℎ1

𝑞 𝑥, 𝑄2  

Diagonal TMDs: 𝒉𝟏 through 2h SIDIS 

28 

Hawaii 2014 Joint Meeting APS/DNP & PSJ – October 9th, 2014. 

extracted through Belle data 

q/H U L T

U f1(x) e(x)

L g1(x) hL(x)

T gT(x) h1(x)

Higher-­‐twist	
  PDF DiFF
H̃1

^q chiral-­‐odd	
  interference	
  
fragmenta~on	
  func~on	
  	
  

extracted	
  by	
  the	
  Belle	
  
Collabora~on	
  from	
  e+/e-­‐	
  data	
  PRD	
  
85,	
  114023	
  (2012)	
  	
  

S Anefalos Pereira

Experimental	
  status	
  
• f1(x),g1(x),	
  and	
  gT(x)	
  measured	
  through	
  DIS	
  
• h1(x):	
  transversity	
  distribution	
  -­‐	
  chiral	
  odd.	
  Can	
  be	
  accessed	
  only	
  
with	
  Semi-­‐Inclusive	
  DIS	
  

• e(x),	
  and	
  hL(x)	
  still	
  unknown
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Target	
  and	
  beam	
  spin	
  asymmetries	
  for	
  
di-­‐hadron	
  production

ep ! e⇡+⇡�X
S Anefalos Pereira

F
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Target	
  Asymmetry
Beam	
  Asymmetry

Double	
  Spin	
  Asymmetry

~0	
  in	
  the	
  Wandzura-­‐Wilczek	
  approx	
  

Accessing	
  higher	
  twist	
  PDFs	
  with	
  polarization	
  experiments

e(x)	
  and	
  hL(x)	
  
• 	
  related	
  to	
  quark-­‐gluon	
  correlations	
  
• e(x)	
  x-­‐integral	
  related	
  to	
  scalar-­‐charge	
  of	
  the	
  nucleon	
  
• hL(x)	
  x-­‐integral	
  related	
  to	
  the	
  nucleon	
  tensor	
  charge
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Results	
  beam	
  asymmetry	
  for	
  ep-­‐>eπ+π-­‐X

Beam-Spin Asymmetry (BSA)

● Two independent analysis
● Two different experiments (unpolarized H

2
 target (e1f) and longitudinally polarized 

NH
3
 target (eg1-dvcs))

● Good agreement between the two analysis
● No nuclear effects observed

ALU∝e(x)H 1

∢q (z ,cosθ , M h)

ALU=
(N−N –)Pt

–+(N–−N – –)Pt


PB((N
–+N)Pt

–+(N ––+N–)Pt
)

04/30/2014 DIS2014 Warsaw 15

ALU / eq(x) ˜H1
^q

(z, cos ✓,Mh)

Pisano	
  (e1f)

• Significant	
  non-­‐zero	
  asymmetry	
  
• Agreement	
  with	
  e1f	
  analysis	
  (Pisano)

S Anefalos Pereira
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Results	
  target	
  asymmetry	
  for	
  ep-­‐>eπ+π-­‐X
Beam-Spin Asymmetry (BSA)

● Two independent analysis
● Two different experiments (unpolarized H

2
 target (e1f) and longitudinally polarized 

NH
3
 target (eg1-dvcs))

● Good agreement between the two analysis
● No nuclear effects observed

ALU∝e(x)H 1

∢q (z ,cosθ , M h)

ALU=
(N−N –)Pt

–+(N–−N – –)Pt


PB((N
–+N)Pt

–+(N ––+N–)Pt
)

04/30/2014 DIS2014 Warsaw 15

Target-Spin Asymmetry (TSA)

● significantly non-zero asymmetries
● DF = 0.18 has been used
● sin 2φ compatible with zero
● gives access to the sub-leading twist PDF h

L
(x)

AUL∝hL(x)H 1

∢q(z ,cosθ , M h)

AUL=
1

D f

−N ––+N –−N–+N

(N –+N)Pt
–+(N – –+N–)Pt



04/30/2014 DIS2014 Warsaw 16

AUL / hq
L(x)

˜H1
^q

(z, cos ✓,Mh)
• Non	
  zero	
  sinφ	
  
• sin	
  2φ	
  compatible	
  with	
  zero	
  

S Anefalos Pereira
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Results	
  double	
  spin	
  asymmetry	
  for	
  ep-­‐>eπ+π-­‐X
Double-Spin Asymmetry (DSA)

● Significantly non-zero A
LL

const asymmetries

● DF = 0.18 has been used

ALL
cosϕ

R∝g 1(x)D̃
∢q(z ,cosθ , M h)

ALL
const∝g1(x)D1

q(z ,cosθ , M h)

ALL=
1

D f PB

N
– –−N –−N–+N

(N –+N)Pt
–+(N ––+N–)Pt



04/30/2014 DIS2014 Warsaw 18

A
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/ g

q

1

(x)D

1

q

(z, cos ✓,M

h

)

A

cos�R

LL

/ g

q

1

(x)

˜

D

1

^q

(z, cos ✓,M

h

)

• Non	
  zero	
  const	
  term

S Anefalos Pereira
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Precision	
  measurements	
  of	
  g1	
  of	
  the	
  
proton	
  and	
  the	
  deuteron	
  with	
  6	
  GeV	
  

eN ! eX
Y. Prok et al Phys.Rev. C90 (2014) 2, 025212
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F1,	
  F2	
  unpolarized	
  structure	
  functions	
   g1,	
  g2	
  polarized	
  structure	
  functions	
  

g1(x,Q
2)pQCD =
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X
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�

g1	
  ⇔	
  quark	
  Δq,	
  antiquark	
  Δq	
  and	
  gluon	
  ΔG	
  -­‐
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Precision	
  measurements	
  of	
  g1	
  of	
  the	
  
proton	
  and	
  the	
  deuteron	
  with	
  6	
  GeV	
  

eN ! eX
Y. Prok et al Phys.Rev. C90 (2014) 2, 025212
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FIG. 13: (Color online) Same as Fig. 12 except for the deuteron. The small green points include results from COMPASS [4],
HERMES [5], and SLAC [2, 3]. A bin centering correction has been applied to the data points in this plot, of the form
g1
F1

(xc, Q
2)/ g1

F1
(x,Q2), where xc is the value of x at the center of the bin, and x and Q

2 are the experimental averages over the
size of the bin.

Deuteron

23

FIG. 12: (Color online) Results for g1/F1 as a function of Q2 for the proton in nine bins of x. A bin centering correction has
been applied to the data points in this plot, of the form g1

F1
(xc, Q

2)/ g1
F1

(x,Q2), where xc is the value of x at the center of the

bin, and x and Q

2 are the experimental averages over the size of the bin. The present results are shown as the large black solid
points, the JLab Eg1b results [6] are shown as the small blue points, and the results from SLAC [2, 3] are shown as the small
green points. The arrows correspond to W = 2 GeV.

systematic precision, allowing for a detailed study of the Q

2 dependence of g1/F1 at fixed x.
The blue and red curves are pQCD calculations from the LSS group [33] with positive �G (blue curves) and negative

�G (red curves). In each case, higher twist coe�cients were fit to give the best agreement with the data available in
2007. The di↵erence in overall magnitude between the curves is of the same order or larger than our experimental error
bars. However, the Q

2-dependence is generally larger than in the data, and the magnitude of the curves is above the data
at low x and below at higher x. It appears that the curves with negative �G agree better with the flat Q2-dependence of
our data than the positive �G curves. Any such conclusions must be treated with great caution, because the data clearly
show oscillations around a smooth curve, with a dip seen just below the Q

2 values corresponding to W = 2 GeV, shown as
the arrows in the figure panels.

Proton

• This	
  data	
  
• eg1b	
  
• SLAC

W=2GeV

—	
  pQCD	
  LSS	
  positive	
  ΔG	
  
…	
  	
  pQCD	
  LSS	
  negative	
  ΔG• pQCD	
  LSS	
  have	
  stronger	
  Q2	
  dependence	
  

• pQCD	
  above	
  data	
  at	
  at	
  low	
  x,	
  below	
  at	
  higher	
  x	
  
• new	
  global	
  fit	
  will	
  constrain	
  higher	
  twist	
  correction	
  

and	
  improve	
  ΔG	
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Spin	
  Asymmetries	
  in	
  exclusive	
  π+,	
  π0,	
  
η,	
  and	
  π-­‐	
  electro-­‐production	
  

all values of W and forward angles. The topology in which a ⇡

� is detected without a recoil

proton was found to be useful as well, in spite of a much larger background. The topologies

studied in the present analysis are listed in Table II, along with the particles that must be

identified. The particles to be identified thus are: electron, charged pion, photon, proton,

and neutron.

topology final state particles

ep! e⇡

+
n electron, ⇡

+, neutron

ep! e��(⇡0)p electron, two photons, proton

ep! e��(⌘)p electron, two photons, proton

en! e⇡

�
p electron, ⇡

�, proton

ep! e⇡

+(n) electron, ⇡

+

ep! e�(⇡0)p electron, one photon, proton

ep! e�(⌘)p electron, one photon, proton

en! e⇡

�(p) electron, ⇡

�

ep! e��(⇡0)(p) electron, two photons

ep! e��(⌘)(p) electron, two photons

TABLE II: Particles to be identified for each of the topologies of this analysis.

1. Electron identification

Electrons were identified by requiring a signal of at least one photo-electron in the

Cherenkov detector, at least two thirds of the most probable electron energy to be de-

posited in the EC, and a vertex position reconstructed within 4 cm of the nominal target

center. These cuts are not as restrictive as those placed on electrons for the inclusive elec-

tron scattering analysis [9], because the exclusivity cuts discussed below remove essentially

all of the events where a pion might be mis-identified as an electron. This was verified by

repeating the entire analysis with a tighter set of electron cuts.

11

• Comprehensive	
  study	
  of	
  
exclusive	
  meson	
  production	
  

• Resonance	
  region	
  
• Main	
  motivation:	
  global	
  fit	
  for	
  
radiative	
  	
  to	
  semi-­‐inclusive	
  
meson	
  production	
  

• Topologies	
  combined	
  to	
  
maximize	
  statistics	
  

• Kinematic	
  range:	
  
• 1.1	
  	
  <	
  W	
  <3	
  GeV	
  
• 1	
  <	
  Q2<	
  6	
  GeV2

� = �0(1 + PbALU + PtAUL + PbPtALL)

P. Bosted
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Double	
  Spin	
  Asymmetry	
  results
	
  —

M
ai
d	
  
20
07

W > 1.7 GeV, using the definition:

ALL =

p
2✏(1� ✏) cos(�⇤) �

0
TT +

p
1� ✏

2
�

0
LT

�T + ✏�L

(25)

Because the acceptance of the experiment strongly favors negative values of cos(�⇤), the

straight average over �

⇤ that we performed brings in a relatively large contribution from

�

0
TT . As a test, we set this term to zero, and find much better agreement between straight

�

⇤-averaged data and the MAID model.

FIG. 33: Beam-target double spin asymmetry ALL for the reaction ep ! e⇡

+
n averaged over �

⇤

as a function of W , in the six cos(✓⇤) bins of this analysis (columns) and the four ✓e (i.e. Q

2) bins

(rows). The curves are from the MAID 2007 fit [12].

The results for the ⇡

0
p final state are shown in Fig. 34. The MAID model agrees with

data reasonably well at forward angles for all values of W , but lies increasingly above the

data for W > 1.5 GeV at the more backward angles. In the lowest cos(✓⇤) bin, the data

59

have some significantly negative values, particularly in the region 1.7 < W < 2 GeV, while

the MAID model is large and positive in this region. We speculate that the data seem to

possibly indicate some strength from � resonances near 1.8 to 2 GeV, producing small or

even negative asymmetries in that region. A full unitary isobar fit to all available data is

required to verify this hypothesis, however.

FIG. 34: Same as Fig. 33 except for the reaction ep! e⇡

0
p.

The results for the ⌘p final state are shown in Fig. 35. The MAID model shown is actually

for the ⇡

0
p final state. The ⌘ asymmetries are a bit lower than the ⇡

0 model. The very small

asymmetries seen near W = 1.9 GeV at backward angles in the ⇡

0 case are not present in

the ⌘ case, again possibly suggesting the presence of � resonances, which could have very

small branching ratios for decay to the ⌘ final state. Again, this hypothesis can only be

tested through a full global analysis.

Andre Kim also analyzed the ⌘p final state, using only the fully exclusive topology ep!

60

e��(⌘)p. He used di↵erent cuts and somewhat di↵erent bin edges. His results for all three

asymmetries and the full W -range of the experiment are in good agreement with the present

results, as demonstrated by the t-test histograms shown in Fig. 36.

FIG. 35: Same as Fig. 33 except for the reaction ep! e⌘p, and the use of only three cos(✓⇤) bins

and two Q

2 bins. The MAID model is actually for the p⇡

0 final state.

The results for the ⇡

�
p final state are shown in Fig. 37. The results are mostly positive

or consistent with zero, and are consistent with the MAID 2007 fit at backward angles, but

smaller in magnitude than the fit at forward angles. We speculate that this may be due to

the strong influence of the negatively polarized d quarks in this channel.

61

FIG. 37: Same as Fig. 35 except for the reaction en! e⇡

�
p.

that the ⇡

0 target asymmetries are much smaller in magnitude than those for ⇡

+, especially

at the central values of cos(✓⇤). The overall magnitude of the MAID 2007 fit is similar to

the data, but the large peak near W = 1.5 is not seen in the data.

The results for the ⌘p final state are shown in Fig. 40. The MAID 2007 model for the

⇡

0
p final state is shown for comparison.

The results for the ⇡

�
p final state are shown in Fig. 41. The experimental errors are un-

fortunately rather large. Even with relatively large errors, areas of significant disagreement

with the Maid fit can be seen. This illustrates that the target-pin asymmetry will be very

powerful in constraining future global fits in the context of unitary isobar models such as

MAID.

63

ep-­‐>en	
  π+

ep-­‐>ep	
  π0

ep-­‐>epη

en-­‐>ep	
  π-­‐

• Results	
  in	
  the	
  deep	
  region	
  W>2	
  GeV	
  
• Extension	
  of	
  the	
  DV	
  π0	
  P	
  analysis	
  by	
  A.	
  Kim	
  
• Disagreement	
  	
  at	
  high	
  W	
  in	
  the	
  resonance	
  region	
  
• First	
  beam	
  target	
  asymmetries	
  for	
  η	
  	
  
• Agreement	
  	
  W<1.5	
  GeV	
  thanks	
  to	
  existing	
  cross	
  

section	
  data	
  	
  
• Beam-­‐target	
  asymmetries	
  for	
  π+	
  and	
  π-­‐	
  results	
  

from	
  eg1b	
  and	
  eg4	
  not	
  published	
  (yet!)	
  
• Beam-­‐target	
  asymmetries	
  for	
  π0	
  results	
  from	
  eg1b	
  

only	
  at	
  beam	
  energy	
  of	
  1.6	
  GeV

Averaged	
  
over	
  φ*	
  

P. Bosted
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Target	
  Asymmetry	
  results
	
  —

M
ai
d	
  
20
07

Averaged	
  
over	
  φ*	
  

FIG. 38: Target-spin asymmetry AUL sin(�⇤) for the reaction ep ! e⇡

+
n averaged over �

⇤ as a

function of W , in the six cos(✓⇤) bins (columns) and four Q

2 bins (rows) of this analysis. The

curves are from the MAID 2007 fit [12].

3. ALU

As for AUL, we present here the averaged values of the asymmetry scaled by sin(�⇤).

We checked that the straight averages are consistent with zero, as they must be by parity

conservation. [The parity-violating contribution is much less than 0.001 at our values of Q

2].

The results for the reaction ep ! e⇡

+
n are shown in Fig. 42. The curves are from the

MAID 2007 fit [12], and describe the data somewhat adequately for W < 1.7 GeV, and

less well at higher W . Also shown are the results from CLAS measurements with a 5.75

GeV electron beam on a pure, unpolarized hydrogen target [15]. A visual examination of

the figure does not reveal any obvious disagreement, with all of the prominent resonant
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ep-­‐>en	
  π+

FIG. 39: Same as Fig. 38 except for the reaction ep! e⇡

0
p.

structures visible in both analyses. The �

2
/d.f. is 1.03 for 140 degrees of freedom for the

comparison of the two data sets. Since our data is approximately half from free protons,

and half from bound nucleons in nitrogen, the comparison indicates that there is no obvious

di↵erence between the beam asymmetries from bound nucleons and free nucleons. If the

rather arbitrary assumption is made that our results (and error bars) should be scaled by a

factor f , then we find f = 1.6± 0.3.

The results for the ⇡

0
p final state are shown in Fig. 43. The results are generally closer

to zero than for the ⇡

+ final state. The overall trends in the data seem to be reproduced by

the MAID 2007 fit.

The results for the ⌘p final state are shown in Fig. 44. The data are almost all slightly

positive, and in rough agreement with the MAID prediction for the ⇡

0
p final state.

The results for the ⇡

�
p final state are shown in Fig. 45. The data are almost all slightly
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ep-­‐>ep	
  π0
FIG. 40: Same as Fig. 38 except for the reaction ep! e��(⌘)p, and the use of only three cos(✓⇤)

bins and two Q

2 bins. The MAID model shown is for the ⇡

0
p final state. The ⌘ results appear to

be rather similar to the ⇡

0 results.

positive, and in rough agreement with the MAID 2007 fit for this channel.

B. Asymmetries in the “Deep” Region

1. ⇡

0
p channel

In order to examine asymmetries in the “deep” GPD region, the data were re-binned into

only two bins in x (corresponding to x < 0.32 and x > 0.32), as was done in the analysis

of Andrey Kim [7] for the p⇡

0 final state. Only bins with W > 2 GeV and Q

2
> 1 GeV2

were kept. The original six bins in cos(✓⇤) and 12 bins in �

⇤ were retained. This is a slight
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ep-­‐>epη

FIG. 41: Same as Fig. 40 except for the reaction en! e⇡

�
p.

di↵erence from Andrey Kim’s analysis, which has five bins in t (roughly corresponding to

our five largest cos(✓⇤) bins), and 11 bins in �

⇤ instead of 12.

The final results (with both topologies averaged together), for the ⇡

+ channel are shown

in the top two rows of Figs. 46 (for ALL), 48 (for ALU), and 50 (for AUL). For a systematic

check, the results using only the fully exclusive topology are shown in Figs. 47, 49, and 51.

The results are plotted as a function of �

⇤ in the two x bins and our five largest cos(✓⇤) bins

(corresponding roughly to Andrey Kim’s t bins). The curves are six-parameter fits that Kim

made to his ⇡

0 results using the fully exclusive topology. There is good agreement between

our results (using all three topologies) and Kim’s for AUL, and ALU , but our results for ALL

tend to be a bit lower, especially in the lower x, lowest t [highest cos(✓⇤)] bin. This is result of

our inclusion of the single-photon and missing proton topologies, which not only increases the

statistical precision of the results, but more importantly provides more uniform �

⇤ coverage.
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en-­‐>ep	
  π-­‐

• Results	
  in	
  the	
  deep	
  region	
  W>2	
  GeV	
  
• Extension	
  of	
  the	
  DV	
  π0	
  P	
  analysis	
  by	
  A.	
  Kim	
  
• Disagreement	
  	
  with	
  MAID,	
  esp.	
  at	
  high	
  Q2	
  

Consistent	
  with	
  π0	
  Biselli	
  et	
  al	
  
• First	
  target	
  asymmetries	
  for	
  η	
  	
  
• Sensitivity	
  to	
  interference	
  between	
  background	
  

and	
  resonance	
  contributions	
  
• target	
  asymmetries	
  for	
  π+	
  and	
  π-­‐	
  results	
  from	
  eg1b	
  

and	
  eg4	
  not	
  published	
  (yet!)	
  
• Beam-­‐target	
  asymmetries	
  for	
  π0	
  results	
  from	
  eg1b	
  

only	
  at	
  beam	
  energy	
  of	
  1.6	
  GeV

P. Bosted
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Conclusions
• Both	
  single	
  and	
  double	
  polarization	
  observables	
  
• Inclusive,	
  semi-­‐inclusive	
  and	
  exclusive	
  channels	
  
• Large	
  kinetic	
  range	
  in	
  x,Q2,	
  W,	
  t	
  
• Enough	
  precision	
  to	
  extract	
  some	
  quantities	
  (e.g.	
  CFF)	
  and	
  to	
  
distinguish	
  different	
  models	
  

• More	
  data	
  to	
  come	
  in	
  CLAS12	
  
CLAS	
  experiment physics

E12-­‐06-­‐112 SIDIS

E12-­‐06-­‐112 DVCS

E12-­‐11-­‐109	
  a di-­‐hadron

E12-­‐11-­‐003 nDVCS

E12-­‐06-­‐109 DIS

E12-­‐06-­‐119 pol	
  target	
  DVCS

PR12-­‐11-­‐109 pol	
  target	
  di-­‐hadron
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